E.A.S.) 15
Experiments and simulations demonstrate that while the polymer chains are roughly extended and minimally aggregated in DMSO, the addition of water overcomes the steric limitations imposed by the sulfones and induces formation of molecular networks through sulfone-sulfone bonding. Networks collapse and reorganize into distinct morphologies upon hydration, endowing an exceptional capability for capturing organic molecules. This simple 25 system presents a robust platform for controlling nanofabrication.
Self-assembly is ubiquitous in biological systems and underlies the formation of complex structures from simple components. Compared to biomolecules such as peptides (1) and DNA (2) that have proved to be versatile building blocks for programmable construction of structurally 30 dynamic hierarchical assemblies, synthetic materials seem downright primitive (3). The ability to design such single component self-assembling macromolecules has remained a challenge for synthetic systems in nanoscience and nanotechnology. Synthetic macromolecules typically require amphiphilicity for spontaneous association, and these architectures that are limited to separate hydrophobic and hydrophilic segments cannot achieve the complex dynamic self-assembly 35 behavior seen in nature. In terms of macro-amphiphiles, focus has been placed on the design of amphiphilic block (4) or random (5) copolymers wherein adjustment of the volume fraction of the hydrophobic/hydrophilic components permits fabrication of various nanostructures including spheres, cylinders, and vesicles. The multicomponent nature and dauntingly wide range of chemical compositions that have been developed can present difficulties during chemical synthesis (6) and practical application (7), often requiring expertise in synthetic polymer chemistry and delaying translation of useful technologies.
Here, we report on a synthetic homopolymer that forms spherical, vesicular and cylindrical nanogel morphologies, controlled externally by the simple addition of water into a polymer 5 solution. These hydrogels demonstrate exceptionally high encapsulation efficiency for a wide range of polar and nonpolar organic molecules. The self-assembly system consists of semi-flexible polymer chains of poly(propylene sulfone) (PPSU, Fig. 1A ) that are physically cross-linked into molecular networks via sulfone-sulfone bonding. PPSU networks reorganize dynamically upon hydration, which impacts the resulting nanogel size and morphology through network self- 10 assembly. This system mimics the dynamic self-assembly of proteins and DNA, greatly enhancing the ability to design diverse functional nanomaterials from a single synthetic macromolecule.
PPSU is the ultimate oxidized product of poly(propylene sulfide) (PPS). It has long been thought to be a hydrophile (8) , however, PPSU has never been prepared in the laboratory, since standard oxidation of PPS generates polymers composed of sulfone and sulfoxide mixtures (9) . We 15 successfully synthesized PPSU ( Fig. S1 ) from complete oxidation of PPS using an atypically high concentration of H2O2. Highly concentrated H2O2 was generated in situ upon vacuum evaporation during the oxidizing reaction. Interestingly, the resulting PPSU is a crystalline solid ( Fig. S2 ) that is insoluble in water. Solubility tests in common solvents (Table S1 ) revealed that only DMSO can effectively break PPSU crystals into a clear solution. Even after mixing DMSO solutions of 20 PPSU20 (20 repeat units) with 20 times the volume of water, we were surprised to find by dynamic light scattering (DLS, Fig. S3 ) and cryogenic transmission electron microscopy (Cryo-TEM, Fig.  S4 ) the formation of uniform nanoparticles less than 15 nm in diameter.
A review of the chemical structure of PPSU revealed a unique organization of multiple steric sulfones that are interspersed with short spacers of ethylene on the backbone. Given the partial 25 negative charge on the pendent oxygen atoms (10), we anticipated a strong retarding effect among sulfones which would result in low flexibility for PPSU chains in solution. In order to establish that the structural features of PPSU can give rise to high chain stiffness, we carried out all-atom explicit solvent molecular dynamics (MD) simulations for PPSU20 in DMSO (simulation parameters are given in Table S2 and snapshots of initial and final conformations in DMSO and 30 water are shown in Fig. S5 ). A typical snapshot in DMSO ( Fig. 1B) shows that the PPSU20 chains have a roughly extended conformation (Movies S1 to S2). The calculated persistence length (Lp ,  Table S3 ) confirmed that the polymer is a semi-flexible chain in DMSO with an average Lp of 9.2 ± 0.7 repeat units (Fig. 1C) . The simulations support a dissolution-aggregation equilibrium for PPSU20 chains in DMSO where some PPSU segments display orientational order. Similar 35 superstructures are often observed following self-assembly of rod−coil block copolymers (11) . Cluster formation analysis ( Fig. S6 ) revealed that PPSU20 chain aggregation is inhibited in DMSO, consistent with the strong retarding effect imposed by the sulfones.
We hypothesize that chain flexibility increases when transitioning from a DMSO solution to a more polar environment, which explains the formation of tiny spherical morphologies that we 40 observed in water. Thus, we further simulated PPSU20 in water and observed that the initially extended polymer chains collapsed within 1 ns of the simulations (Movies S3), followed by folding and aggregation of PPSU20 chains into superstructures stabilized by short segments of sulfonesulfone bonding (Fig. 1D) . A significantly smaller Lp, 4.4 ± 0.2 repeat units, was demonstrated in water compared to that in DMSO, supporting our prediction of water-induced conformational transitions. This result indicates that water can effectively reduce sulfone repulsion, which rationalizes the pronounced aggregation observed both experimentally and through simulations in aqueous solution. The PPSU20 superstructures consist of parallel, linear segments in which the sulfones have a zigzag trans-planar arrangement (Movie S4). A calculation of the radial distribution function suggested a possibility of crystallization for PPSU20 in aqueous system (Fig.   5   S7 ). Furthermore, we demonstrated that the superstructures in water are stabilized by strong dipolar attractive interactions, while weak cohesion among sulfones was discovered in DMSO ( Fig. 1E, Fig. S8 ). These data indicate that PPSU aggregates in water, in contradiction to the hydrophile hypothesis (8) .
While aggregation is inhibited in DMSO, PPSU self-assembles upon hydration to form robust 10 sulfone zippers that are biomimetic of steric zippers observed in amyloid fibrils (12, 13) . Water molecules generally aid supramolecular assembly by means of hydrogen bonds (14) . However, PPSU20/water simulations revealed hydrogen bonds to not be a significant driver of self-assembly, as they occurred exclusively at the surfaces of PPSU20 aggregates. Thus, we investigated the impact of polar solvents with and without hydrogen bonding capabilities on the formation of 15 PPSU20 assemblies. All highly polar solvents tested, including aprotic acetonitrile, induce precipitation (Table S1 ). In contrast, solvents with lower polarity than DMSO do not induce aggregation of PPSU20. Furthermore, by conjugating perylene bisimide (PBI) (15) onto PPSU as a fluorescent indicator of aggregation, we confirmed via fluorescence titrations ( Fig. S9 ) that water promotes PPSU assembly via increasing polarity instead of hydrogen bonding. In these 20 experiments, the less quenched fluorescence of PBI-labeled PPSU in less polar solvents (e.g. tetrahydrofuran) compared to that of DMSO, demonstrated incomplete dissolution of PPSU in DMSO as predicted by the PPSU20/DMSO simulations. We therefore experimentally examined the stability and solubility of PPSU20 in DMSO. By following the phase transition for a DMSO solution of PPSU20 via vacuum evaporation, we found that the system remained homogeneous 25 until drying. This observation implies a high solubility of PPSU20 in anhydrous DMSO. Regardless of the concentrations investigated, DMSO solutions of PPSU20 (tightly sealed to avoid humidity) are stable without detectable aggregation for months. Taken together, these observations provided a strong basis to infer a homogeneous zipper-like superstructure for PPSU20 in DMSO.
The addition of water increases the cohesion among PPSU20 chains, enabling us to visually 30 demonstrate the superstructures of PPSU20 in DMSO. When we aged DMSO solutions of PPSU20 by exposing them to air, a sol-to-gel phase transition was observed for a concentrated PPSU20 solution (e.g. 200 mg/mL, Fig. 2A ) or precipitation for lower concentrations (e.g. 25 mg/mL). The resulting colorless gels or fluffy precipitates were shown by wide-angle X-ray diffraction (WAXD) to be mostly amorphous ( Fig. 2B and Fig. S10 ). These results confirm that water can induce the 35 formation of robust zippers, leading to detectable zipper-linked molecular networks (ZipNets). Furthermore, we inferred that the PPSU ZipNets are collapsible upon further hydration, which induces additional sulfone-sulfone bonding by increasing the flexibility of the unzipped segments.
In an effort to provide experimental evidence for the collapsible network, we slowly added water on the top of the gel. This resulted in a transition from the colorless gel to a smaller, compact, 40 white, hard gel. The obtained white hard solid is stable in water and the WAXD pattern is similar to the powder pattern for bulk PPSU20 (Fig. 2B ), indicating extensive sulfone zipper formation in pure water. The result is consistent with our simulations and more importantly, suggests the feasibility of continuously controlling the formation of sulfone zippers by increasing the water to DMSO ratio.
The PPSU ZipNets have structural features that are biomimetic of fibrous supramolecular networks formed by the bundling of actin filaments (16) and DNA (17). Our experimental and modeling data demonstrate that starting from a DMSO solution, water increases chain flexibility to induce formation of new sulfone zippers and leads to ZipNet collapse in a DMSO-water mixed system, wherein each addition of water changes the interaction among sulfone units and decreases 5 the number of unzipped sulfones. This suggests that if water is added stepwise, a new equilibrium would be achieved following each step, resulting in a highly dynamic yet easily controllable selfassembly system comprised of solely the PPSU homopolymer. To demonstrate the dynamics of stepwise hydration using a simple strategy, we mixed DMSO solutions of PPSU20 with the same total volume of water using varying number of water addition steps. The transmittance was found 10 to decrease as the number of water addition steps increased ( Fig. S11 ), indicating an influence of the water addition history and a tendency to form larger assemblies during multi-step hydration. From a kinetic point of view, all segments on PPSU20 chains have nearly equal opportunity to form zippers following a one-time network-wide hydration. However, a multi-step water addition that gradually increases the ratio of water/DMSO will facilitate additional bonding of neighboring 15 sulfones locally. It is therefore not surprising that multiple small steps of water addition lead to a smaller number of unzipped sulfones than a single large step of hydration using the same total volume of water.
Further complexity is introduced when considering that the ZipNets may reorganize dynamically as the water/DMSO ratio increases. When the ratio increases slightly, rearrangements 20 of sulfone zippers are not sufficient to support an experimentally appreciable observation. In contrast, a dramatic increase in the water/DMSO ratio leads to a remarkable spatial redistribution of early metastable sulfone zippers, inducing a transformation in superstructure. Such a drastic transition was observed when we mixed a large amount of water with the colorless PPSU20 gel under vortexing, which resulted in a transition from a solid gel to a cloudy solution ( Fig. 2A ). We 25 ascribed this to the ZipNet reorganization, which involved the thermodynamically driven breaking and reforming of sulfone zippers into more stable structures, similar to the redistribution of physical cross-links for fibrous supramolecular networks (18) . Cryo-TEM revealed a solution of non-uniform aggregates, including ribbons ( Fig. 2C ). In the process of dialysis to remove residual DMSO, we observed a transformation of the aggregates into nanoscale hydrogels of spherical, 30 vesicular and cylindrical morphologies (Fig. 2C ). The vesicular morphologies show similarity to vesicles formed from amphiphiles in aqueous solution (19). The early stage ribbons and nonuniform aggregates both have low contrast, indicating less compact structures at this early stage compared to cylinders and vesicles observed in the final stage.
To further assess dynamic changes upon continued hydration, we tracked the size changes for 35 PPSU20 assemblies using DLS and observed significant decreases in size as the ratios of water increased in water-DMSO mixed systems for all the hydration histories ( Fig. 2D and Fig. S12 ). Fluorescence titrations of PPSU20 ZipNets with water were also performed to double confirm the collapse process using a Förster resonance energy transfer (FRET) pair of bisbenzimide and rhodamine 6G (Fig. S13 ). In Fig. 2E , we first observed the fluorescence intensity of both dyes to 40 decrease upon water dilution, followed by a FRET signal from bisbenzimide to rhodamine 6G. The FRET efficiency improved upon further hydration, suggesting decreasing sizes for the PPSU20 aggregates. Taken together, these results provide a strong basis to infer a compressing process for PPSU ZipNets that achieves smaller structures upon water addition. Such 'top-down' fabrication of homopolymer nanostructures via dynamic network reorganization distinguishes the self-assembly of PPSU from the assembly of amphiphiles, which instead grows aggregates via the recruitment of insoluble components in a selective solvent.
The work described above using PPSU20 self-assembly results in spherical, vesicular and cylindrical morphologies in aqueous solution. In an effort to control the formation of specific nanostructure morphologies, we investigated the effect of hydration history on PPSU20 self- 5 assembly. We therefore hydrated the same DMSO solution of PPSU20 with the same total volume of water ( Fig. 3A) , but with different numbers of hydration steps. Cryo-TEM images (Fig. S14 ) revealed that larger nanobundles ( Fig. 3B ) formed in the case of multiple water additions while smaller spherical aggregates, including vesicular ( Fig. 3C ) and spherical ( Fig. 3D ) morphologies, were assembled using fewer hydration steps. These results were further confirmed by small-angle 10 X-ray scattering (Figs. S15) and DLS, and the obtained physicochemical characteristics are summarized in Table S4 . No distinct patterns of PPSU crystals were observed by WXRD analysis (Fig. 2B , Figs. S16), indicating amorphous structures of these nanoscale hydrogels. Since each self-assembled morphology was obtained by employing identical initial conditions and components, the stepwise reorganization of PPSU ZipNets demonstrated a facile dynamic method 15 for programmable construction of synthetic nanostructures differing in morphology and size from a single homopolymer.
We investigated the use of PPSU20 assemblies to capture organic molecules from DMSO or aqueous solution by specifying the hydration history (Movie S5). The results are shown in Table  1 , wherein exceptionally high encapsulation efficiencies (>96%) were observed for a wide range 20 of molecules, including hydrophobic Nile red and water-soluble fluorescein isothiocyanate (FITC), doxorubicin hydrochloride (DOX/HCl), dextran, green fluorescent protein (GFP), DNA, and RNA. We also investigated the loading of albumin, a model protein, at varying concentrations (Fig. S17 ). The rapid water-induced collapse of PPSU20 ZipNets allowed encapsulation of nearly 100% of protein molecules from aqueous solutions with up to 80% encapsulation capacity (m/m) 25 ( Table 1 , entry 5 to 7). Over 80% encapsulation efficiency was achieved when nanoparticles contained 20% more protein than polymer by mass ( Table 1 , entry 8). These results collectively demonstrate that PPSU has immense potential for applications in water purification and drug delivery. In comparison, vesicles formed from amphiphile assembly typically show low encapsulation efficiency (<20%) for water-soluble molecules and biologics (20). For their 30 potential use in biomedical applications, we further demonstrated low cytotoxicity (Figs. S18 to S19) and high cellular uptake ( Fig. S20 to S21) of PPSU20 nanogels in macrophages, which indicated the feasibility for intracellular delivery.
In summary, our research demonstrates that molecular networks can be formed by bonding PPSU chains via sulfone zippers. The system consists of unzipped segments that respond to 35 hydration and collapse in aqueous solution. Taking advantage of this conformational transition, we succeeded in preparing diverse nanoscale morphologies using the same homopolymer that was subjected to different stepwise changes in solvent polarity. A wide range of organic molecules, including proteins and nucleic acids, are captured by these hydrogels at nearly 100% encapsulation efficiency. This was achieved by dynamically reorganizing PPSU networks via the easily 40 controllable stepwise addition of water. PPSU is thus a simple, nontoxic and facilely synthesized homopolymer that presents a versatile platform for nanofabrication with potential applications in biomedicine, diagnostics, catalysis and purification. 
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Materials and Methods
Chemical reagents All chemical reagents were purchased from Sigma-Aldrich St. Louis, MO, USA, unless stated otherwise. Recombinant A. victoria GFP protein (from the Jewett Lab), FITC-RNA and FITC-DNA conjugates (from the Mirkin Lab) were obtained as generous gifts from other Labs at Northwestern University.
Polymer synthesis
Synthesis of PPS was accomplished by anionic ring-opening polymerization of propylene sulfide according to the literature (21). For PPS20, propylene sulfide (20 equiv) was polymerized using ethanethiol (1 equiv) initiator and benzyl bromide (5 equiv) end-capper in the presence of sodium methylate as a base in dry DMF. For amino end-functionalized PPS40 (PPS40-NH2), the polymerization of propylene sulfide (40 equiv) was initiated by cysteamine (1 equiv) and catalyzed by 1,8-diazabicyclo [5.4 .0]undec-7-ene (1 equiv) in dry THF. Perylene bisimide-bridged PPS40 (PPS40-PBI-PPS40) was prepared by conjugation of PPS40-NH2 with perylene-3,4,9,10tetracarboxylic dianhydride (22).
PPSU was synthesized from complete oxidation of the corresponding PPS. Mixing PPS with 30% of hydrogen peroxide (1 g PPS per 100 mL of H2O2 solution) and shaking the mixtures led to a homogeneous solution overnight. Lyophilization of the obtained solution resulted in white shiny solids of PPSU without requirement for further purification.
All-atom explicit solvent molecular dynamics (MD) simulations
Classical all-atom MD simulations were performed using the CHARMM 36m force field (23). The recommended CHARMM TIP3P water model (24) was applied with the structures constrained using the SETTLE algorithm (25). The simulations were performed using the package GROMACS (version 2016.3) (26).
In all the simulations, the degree of polymerization (DP) of 20 was employed for the polymer chains, the same as that PPSU20 in the experiments. The polymer chains were created in the extended form. Six extended PPSU20 chains were randomly dissolved in each of the three water boxes initially. Whereas in the DMSO systems, the initially extended PPSU20 chains were equilibrated in a vacuum, forming coiled configurations, and were then dissolved in the DMSO boxes. The initial configurations are provided in Fig. S5 . See Table S2 for the components of the systems. For both solvent conditions, three parallel simulations were performed.
The system potential energy was first minimized using the steepest descent algorithm, followed by the equilibration of 1 ps in the NVT ensemble (constant number of particles, volume and temperature). Subsequently the NPT ensemble (constant number of particles, pressure and temperature) was applied. An equilibration of 10 ps using the time step of 1 fs was followed by another equilibration of 0.1 ns using a time step of 2 fs in the DMSO system, or 2.5 fs in the aqueous system. Subsequently long equilibration simulations were performed. The periodic boundary conditions were applied in all three dimensions. The neighbor searching was performed up to a cut-off distance of 1.2 nm by means of the Verlet particle-based approach and was updated every 20 time steps. The potential-switch method was applied for the short-range Lennard-Jones (LJ) 12-6 interactions from 1 nm to 1.2 nm. The short-range electrostatic interactions were calculated up to 1.2 nm, and the long-range electrostatic interactions were calculated by means of the Particle Mesh Ewald algorithm (27). A time step of 2 fs (2.5 fs) was employed by constraining all the covalent bonds using the LINCS algorithm (28) in the DMSO system (water system). The temperatures of the PPSU20 solute and the solvent molecules were separately coupled using the Nosé-Hover algorithm (reference temperature 298 K, characteristic time 1 ps). The isotropic Parrinello-Rahman barostat was utilized with the reference pressure of 1 bar, the characteristic time 4 ps and the compressibility 4.5×10 -5 bar -1 . Each of the simulations run 200 ns, with the last 50 ns employed for the data collection and analysis. The final simulation snapshots are presented in Fig. S5 . The convergence of the simulations was justified by the calculations of the potential energies and the sizes of the polymer chains, both as a function of the simulation time (Fig. S5) . The polymer structures were calculated using the end-to-end distance and the persistence length (Table S3) .
Additionally, control simulations were performed. In the control simulations, initially extended polymer chains were employed for both DMSO and water solvent systems. The annealing simulations were performed to speed up the convergence of the equilibrations (29) . In the annealing simulations, the temperatures of polymer and solvent (DMSO or water) were separately coupled. The temperatures started at 298 K initially, which increased to 353 K within 1 ns. They stayed at 353 K for 9 ns, then dropped to 298 K within 1 ns. Finally, the temperatures stayed at 298 K for another 9 ns. Therefore, each annealing cycle lasted 20 ns. 5 annealing cycles were performed for the DMSO systems (100 ns in total), and 8 cycles (160 ns in total) for the water systems. Subsequently, the production simulations were performed for 40 ns each. Agreements were found in regards with the polymer chain distribution (molecularly dissolved in DMSO and aggregated in water, Fig. S5 ), the polymer structures (end-to-end distance and persistence length, Table S3 ) and the radial distribution function of the polymer sulfur atoms (Fig. S8) .
Calculation of the dipolar energy between neighbor charge-neutral units from atomistic MD simulations
In all the atomistic simulations, the PPSU repeat units and the solvent (DMSO or water) molecules are charge-neutral. The monopole interactions between them could be reasonably expected negligible. By following a previous work (30) , we calculated the dipolar interactions between the neighbor units. Here each PPSU repeat unit is defined as one charge-neutral unit, as well as one DMSO molecule and one H2O molecule. The dipolar interaction energy between the charge-neutral units is calculated as below: 1) The sulfur atoms of PPSU repeat units, the sulfur atoms of DMSO and the oxygen atoms of water molecules are employed as the center of the corresponding units. The radial distribution functions between these atoms are calculated (Fig. S8 ). Note that for the S(PPSU)-S(PPSU) calculations all the intramolecular correlations within 5 consecutive repeat units were excluded based on the calculated persistence of 4.4 repeating units in water (Table S3 ). The first minima were chosen to define the upper distance of the neighbors, which was 6. where ⃗⃗⃗⃗, ⃗⃗⃗⃗ is the dipole moment of units i and j, respectively; ̂ stands for the unit vector between the centers of the two units. Here the units refer to PPSU repeat units, DMSO molecules and water molecules. The cutoff distances were defined in step 1. 4) The steps 2 to 3 were performed for all the dipole-dipole interactions of PPSU-PPSU and PPSU-DMSO in the DMSO solution, and PPSU-PPSU and PPSU-water in the aqueous solution. The distribution of the calculated dipolar energies is provided in Fig. S8 .
Humidity induced-gelation/precipitation for DMSO solutions of PPSU20 DMSO solutions of PPSU20 were exposed to humidity in air and the phase transition was tracked. Sol-to-gel phase transition was observed for a highly concentrated solution (200 mg/mL) overnight and a low concentration solution (25 mg/mL) became cloudy in 3 days. As the cloudy solution was allowed to age further (110 days), fluffy precipitates were obtained by centrifugation. The fluffy precipitates were demonstrated by WAXD to be amorphous (Fig. S10 ). After dispersing in water, these fluffy precipitates were recollected by centrifugation. In samples treated this way, WAXD showed an increased crystallinity in Fig. S10 . The highly concentrated DMSO solution of PPSU20 (200 mg/mL) was prepared by concentrating a less dilute DMSO solution (100 mg/mL) under high vacuum.
Fabrication of nano-scale hydrogels of PPSU20 differing in sizes and morphologies 200 μL of PPSU20 solutions (25 mg/mL in DMSO) were added stepwise with 400 μL of water and then one-time with another 400 μL of water. Each step was followed by vortexing to thoroughly mix the samples. After dialysis, the nanogels were applied for CryoTEM imaging, SAXS, DLS, WAXD, and MTT assay.
Loading experiments
For the loading of Nile red, nanogels were prepared using pure water and Nile red-containing (0.1 mg/mL) DMSO solutions of PPSU20. For the loading of water-soluble drugs, aqueous solutions of FITC (0.05 mg/mL), doxorubicin hydrochloride (1 mg/mL), dextran (1 mg/mL), albumin (various concentrations), GFP (0.2 mg/mL), RNA (0.2 mg/mL), DNA (0.2 mg/mL), and DMSO solutions of PPSU20 (25 mg/mL) were used. Typically, 100 μL of the corresponding aqueous solution were mixed stepwise (10 μL/step or 100 μL/step) with 50 μL of PPSU20 solution under vortex, then another 400 μL of water was added. After centrifugation at 16000 g for 10 min, fluorescence of the supernatant was measured and the encapsulation efficiencies were calculated.
CryoTEM imaging
Samples were prepared by applying 3 µL of sample (5 mg/mL) on pretreated holey or lacey carbon 400 mesh TEM copper grids (Electron Microscopy Sciences). Following a 3 s blot, samples were plunge-frozen (Gatan Cryoplunge 3 freezer). Images of samples entrapped in vitreous ice were acquired using a field emission transmission electron microscope (JEOL 3200FS) operating at 300 keV with magnification ranging from 2000× to 12,000× nominal magnification. Digital Micrograph software (Gatan) was used to align the individual frames of each micrograph to compensate for stage and beam-induced drift. Any further image processing conducted on the aligned frames was completed in ImageJ.
SAXS measurements
SAXS measurements were performed at the DuPont-Northwestern-Dow Collaborative Access Team (DND-CAT) beamline at Argonne National Laboratory's Advanced Photon Source (Argonne, IL, USA) with 10 keV (wavelength λ = 1.24 Å) collimated X-rays. All the samples (5 mg/mL) were analyzed in the q-range (0.001-0.5 Å −1 ), with a sample-to-detector distance of approximately 7.5 m and an exposure time of 1 s. The diffraction patterns of silver behenate were utilized to calibrate the q-range. The momentum transfer vector q is defined as q = 4π sinθ/λ, where θ is the scattering angle. Data reduction, consisting of the removal of solvent/buffer scattering from the acquired sample scattering, was completed using PRIMUS 2.8.2 software while model fitting was completed using SasView 4.0.1 software package. The core-shell cylinder, vesicle and coreshell sphere models were utilized to analyze the data.
Cell experiments RAW 264.7 cells (murine macrophage cell line) were acquired from American Type Culture Collection (ATCC, Rockville, MD, USA) and used for cell culture experiments. This cell line was cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/mL) and streptomycin (100 µg/mL) at 37 °C with CO2 (5%).
Cell viability: Both MTT assay and flow cytometric assessment were performed to investigate cell viability upon nanostructures treatment. In MTT assay, RAW 264.7 cells (3 × 10 5 cells/mL, 100 μL) were plated in each well of a 96-well plate and left overnight in the incubator for adherence. The adhered cells were treated with different concentrations of PPSU20 nanogels (1, 0.5, 0.25 and 0.125 mg/mL). After incubation for 24 h, all wells were added with MTT (5 mg/mL in PBS, 10 μL) and further incubated for 4 h. The resultant formazan crystal deposition in each well was dissolved in DMSO (200 μL) and the absorbance was measured at 560 nm. All the samples were analyzed in quadruplicates. The percentage cell viability was calculated as: % cell viability = (OD of treated sample/ OD of untreated sample) × 100. Macrophage cell viability following nanostructure treatment was also determined using Zombie Aqua fixable cell viability dye. Following differentiation, cells were plated at 2.5 × 10 5 cells/mL (200 µL; 50,000 cells/well) in 96-well tissue culture treated plates in DMEM cell culture media. RAW 264.7 cells received matched volume treatments of either PBS or PPSU20 nanostructures (bundle-like or vesicle like nanostructures with concentrations of 1, 0.5, 0.25 and 0.125 mg/mL). After incubation for 24 h, cells were collected and transferred to 1.2 mL microtiter tubes prior to staining with Zombie Aqua fixable viability dye (Biolegend) for 15 min. Cells were washed with cell staining buffer and fixed with intracellular (IC) cell fixation buffer (Biosciences). Flow cytometry data was acquired on an LSR Fortessa analyzer (BD Biosciences) and analyzed using FlowJo.
Cellular uptake studies: RAW 264.7 cells (2.5 × 10 5 cells/mL, 400 μL) were seeded in each well of a 48-well plate and left overnight in the incubator for adherence. The adhered cells were treated with 0.25 mg/mL of FITC-dextran-loaded PPSU20 nanogels (bundle or vesicular morphology) and incubated for 1 h or 4 h. Cells were washed two times with PBS and incubated with 50 μL Zombie Aqua (1:100) fixable cell viability dye diluted in cell staining buffer for 15 min at 4 °C. Then the cells were washed with 500 μL PBS, resuspended in cell staining buffer and immediately analyzed using a BD Fortessa flow cytometer. The cellular uptake was measured as % of FITC positive cells.
Analysis/imaging of cells: RAW 264.7 cells (1 × 10 5 cells/mL, 300 μL) were seeded in each well of an 8-well Chamber slide (Thermo Fischer Scientific) and left overnight in the incubator for adherence. The adhered cells were treated with 0.25 mg/mL of FITC-dextran-loaded PPSU20 nanostructures (bundle or vesicular morphology). After incubation for 4 h, cells were washed two times with PBS and incubated with LysoTracker™ Red DND-99 (1:5000 dilution, 300 μL DMEM) for 30 min. Then the cells were washed twice with PBS, added with 300 μL PBS and incubated with NucBlue™ Live ReadyProbes™ Reagent (nuclei stain, 1 drop) for 15 min in the dark. Images were acquired on a Leica TCS SP8 confocal microscope with a 63 × oil immersion objective. 
Fig. S5. Atomistic simulation snapshots and convergence in (A-D) DMSO and (E-H) water solvents. (A)
The initially coiled PPSU20 chains turned into extended conformation in DMSO solutions, whereas (B) the initially extended PPSU20 chains collapsed and aggregated in water systems. Three parallel simulations were performed for both solvents. Hydrogen atoms on PPSU20 and solvent molecules are omitted for clarity. The six PPSU20 chains are colored differently. The blue solid line denotes the simulation box. (B, F) The short-range Coulombic (Coul-SR) and LJ (LJ-SR) interactions between PPSU20 chains and between PPSU20 and solvents (DMSO or water), which were calculated up to a cutoff distance of 1.2 nm. (C, G) The sizes of the PPSU20 chains described via the end-to-end distance (Ree) and the radius of gyration (Rg), which were calculated using the sulfur atoms on PPSU20. (D, H) The dipolar interactions between PPSU monomers which are covalently connected ( ⃗⃗⃗⃗ − +1 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ ), or neighbors of ⃗⃗⃗⃗ − +2 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ , or ⃗⃗⃗⃗ − +3 ⃗⃗⃗⃗⃗⃗⃗⃗⃗ . All the calculations supported that the simulations were roughly converged after around 100 ns in both DMSO and water solvents. (Table S3 ). The RDFs between the sulfur atoms on PPSU20 in the aqueous solutions supporting a crystalline structure for PPSU20. The solid lines stand for the average value as a function of the distance, which is based on the sulfur atoms of PPSU and DMSO, and the oxygen atoms of water. The shadow regions describe the standard deviation of corresponding dipolar energies. Listed in the inset on the right are the average dipolar energies and the standard deviations, which are calculated from the three parallel simulations for the whole distance range. Note that for the S(PPSU)-S(PPSU) calculations all the intramolecular interactions within 5 consecutive repeating units were excluded based on the calculated persistence of 4.4 repeating units in water (Table S3 ). Fig. S17 . Loading FITC-albumin during PPSU 20 assembly. 50 μL of PPSU20 solutions (25 mg/mL in DMSO) were added stepwise with 100 μL of aqueous FITC-albumin solutions (30 mg/mL to 5 mg/mL) and then one-time with 400 μL of water. Each step was followed by vortexing to thoroughly mix the samples. Photos were taken after centrifugation (16000 g, 10 min). (33) . c Using PPSU20 crystals for the solubility tests. ✘ = insoluble, ✔ = soluble. d Mixing a DMSO solution of PPSU20 (25 mg/mL) with 9 times the volume of other solvents, then checking the turbidity of the mixtures. C = cloudy, M = miscible. e The mixture was clear at the beginning, but became cloudy in 1 hour. Table S1 . Solubility of PPSU 20 in water and some common organic solvents 11.923 ± 0.005 150+50 a Three parallel simulations for both DMSO and water solvents. b The simulation box length in the production simulations of 50 ns. c Time in the equilibration simulation + time in production simulation. a All calculations are based on the sulfur atoms on PPSU 20 . The GROMACS program gmx polystat was employed. b End-to-end distance, in the unit of nm. R ee = 7.9 nm for a fully extended PPSU 20 chain. c Persistence length, in the unit of repeat units. 
